The thymus is the primary lymphoid organ involved in the regulation of the immune and endocrine systems. It is particularly sensitive to various types of stress, which induce its atrophy. This study deals with the effect of repeated restraint stress on the weight, proliferation and apoptosis of the thymus in mice. During restraint, the animals were placed in 50-mL conical plastic tubes for 2 h every day for either 10 or 20 consecutive days. A significant reduction in thymus weight along with decreased cellularity and pronounced atrophy of the cortical part of the thymus was observed in animals exposed to repeated tube-restraint stress for 10 and 20 consecutive days. The observed changes in the thymus were the same, regardless of the number of days of exposure to stress. These findings provide a more comprehensive view of repeated tube-restraint, with special emphasis on its duration on stress-induced thymus atrophy. The presented findings could serve as a basis for further studies aimed at identifying the mechanisms responsible for the adaptive response of the thymus after repeated exposure to stress.
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INTRODUCTION
Adverse factors that affect homeostasis represent stressors; when homeostasis of the immune system is disrupted, the body enters a stressful state. Within the response to the stress condition, the hypothalamic-pituitary-adrenal (HPA) axis is activated, which has a primary suppressive effect on inflammation and the immune response [1] . The main role in the modulation of the immunoinflammatory responses is assumed by glucocorticoids, steroid hormones produced by the adrenal gland after activation of the HPA axis.
The thymus, as the primary lymphoid organ, has been shown to be sensitive to different types of stress and is commonly considered to be the "barometer of stress" for the body [2] .
Several studies have shown that the stress-induced increase of glucocorticoids has an immunosuppressive effect on the functions of lymphocytes. Glucocorticoids induce thymocyte apoptosis, causing a reduction in the mass and volume of the thymus, followed by hormonal thymectomy [3] . Thymic atrophy could lead to peripheral T cell deficiency and can result in reduced thymopoiesis [4] .
Various chronic stress models in animals have been developed with the aim of unraveling the stress response of the thymus. Noise, cold, forced swimming and immobilization have been mostly used as stress models in rats and mice, however, chronic immobilization stress is considered as one of the most useful models for observing the various physiological and biochemical responses to stress [5] . The mode of immobilization varies. It is frequently applied as a rigid fixation of the limbs to a stand, with mice or rats assuming either supine or prone positions for a period of a couple hours [5] [6] [7] . Another type of immobilization stress was introduced to simulate trapped conditions under collapsed buildings after an earthquake, in which animals were restrained in ventilated 50-mL conical plastic tubes [8] . These tubes had a wooden insert for adjusting the length of the tube to further restrict movement in order to avoid adaptation [9] . Compared to other types of immobilization, this restraint stress model has been widely used in acute and chronic stress studies because it is a readily accessible and reproducible procedure [10] . So far, the thymus and its histological features in mice exposed to this type of chronic restraint stress have been poorly examined.
The aim of this study was to determine the effect of repeated restraint stress using a plastic tube (for 2 h daily for 10 or 20 consecutive days) on the weight, proliferation and apoptosis of the thymus in mice. The findings of this study should contribute to a better insight into the consequences of repeated tube-restraint stress on the thymus, with special emphasis on the duration of exposure. Based on these findings, it should also be possible to predict changes in the immune response considering the important role of the thymus in the development and functioning of the immune system.
MATERIALS AND METHODS

Animals
The study was approved by the Ethics Committee of the University of Novi Sad, Faculty of Medicine, Serbia (Approval No. 01-153/6-3), and the experiment was performed and conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. The experiment was carried out on 28 randomly-selected male albino laboratory mice, strain NMRI. The mice were 8 weeks old, bred and raised in the Animal Facility of Pasteur Institute of Novi Sad, Serbia. The mice, four in a group, were housed in cages made of plexiglass (length 23 cm, width 17 cm, height 14 cm), under controlled environmental conditions, i.e. maintenance of the circadian rhythm (12 h light/dark cycle), room temperature of 20-25°C, air humidity of 55±1.5%, with free access to food and water.
Experimental design
The animals were randomly divided into experimental and control groups. In the experimental group, the animals were immobilized for 2 h every day either for 10 (experimental subgroup E10) or for 20 days (experimental subgroup E20). The experimental groups consisted of 16 mice, with 8 mice in each experimental subgroup. During restraint, the animals were placed in tubes 3 cm in diameter and 10 cm in length. Along the sidewall of the tube were the holes to provide the animals with an uninterrupted flow of air. Immediately after the period of immobilization, food and water were again provided ad libitum. The control group was comprised of 12 mice that were not immobilized. The mice were divided into two subgroups, which were killed on the 10 th day (control subgroup C10, 6 specimens) and on the 20 th day (control subgroup C20, 6 specimens) after onset of the experiment. Food and water were provided at the same interval as for the experimental group. Mice in the experimental and control groups were weighed at the beginning (initial body weight) and at the end (final body weight) of the experiment in order to determine the effect of stress on body weight. Tissue processing and immunohistochemistry Animals were anesthetized with a mixture for analgosedation, which consisted of 10% Ketamidor (Richter Pharma AG, Austria) and 20 mg/mL Xylased (Bioveta, a.s., Czech Republic), and then dissected individually. After complete dissection, specimens of the thymus were excised, weighed, measured, and images of gross anatomy were taken. Thymus tissue was placed in Bouin's fixative for 24 h, then dehydrated and embedded in paraffin (Histowax, Netherlands). Paraffin blocks were cut in 5-µm-thin sections on a rotary microtome (Leica, Germany). Some of the slides with sections were stained with hematoxylin and eosin (H&E) and immunohistochemically with rabbit monoclonal anti proliferating cell nuclear antigen (PCNA) antibody (Abcam, ab92552, USA). Goat polyclonal secondary anti-rabbit antibody conjugated with horseradish peroxidase (Abcam, ab97051, USA) was used. Visualization was performed using DAB Chromogen (Lab Vision, Thermo Scientific). Mayer's hematoxylin was used as a counterstain.
Morphometric analysis
Slides of the thymus for every group of animals were analyzed using a Leica DMLB 100T microscope (Leica, Germany) and photographed with a Leica MC 190 camera (Leica, Germany). For morphometric analysis of thymus tissue on H&E-stained slides with sections, two parameters were calculated as follows: (i) The volume density (VV) of the cortex and medulla in the thymus were calculated in 5 nonadjacent histological sections (H&E stained), in which 5 microscopic fields were taken for each section (40x magnification). In this way, 25 microscopic fields per thymus of one experimental animal were used. Using the Fiji image software plug (or Grid), the number of crosses lying on the cortex and on the medulla was counted. The volume density was presented as the percentage ratio of the medulla and the cortex. (ii) The number of cortical thymocytes per area or 10 microscopic fields, were taken on the cortical section of the thymus of each animal at a magnification of 100x. Using the Fiji plugin Cell Counter, the number of nuclear thymocyte profiles was counted per area of the whole image. The results are presented as the number of cells/mm 2 .
Statistical analysis
The normality of the data sets was assessed by the Kolmogorov-Smirnov test. To determine the existence of significant differences between groups, the obtained quantitative data on the body weight of animals were analyzed by two-way ANOVA with repeated measures, while the weight of the thymus and the number of cortical thymocytes per area were analyzed by one-way ANOVA. In both cases, Tukey's HSD test was used for post hoc comparisons. The volume density of the cortex and medulla in the thymus, expressed as the percentage, was analyzed by the Z test. Significant difference was set at p<0.05.
RESULTS
Impact of tube-restraint stress on body and thymus weight
In applying two-way ANOVA with repeated measures, a significant effect of the treatment (F=18.751, df=3, p ˂ 0.05), time (F=11.545, df=1, p˂0.05) and treatment×time (F=16.807, df=3, p ˂0.05) on body weight of mice was revealed. At the beginning of the experiment, there was no difference in initial body weight between control and experimental mice. A markedly lower body weight was observed in the experimental animals exposed to repeated tube-restraint stress for 10 and 20 consecutive days, whereas in the controls, an increase in body weight at the end of the experiment was observed in both subgroups (Fig. 1A) . This increase in the body weight of control mice was significant when compared to the experimental animals, both on the 10 th and 20 th day after onset of the experiment. One more observation was the absence of differences between the body weight of control and experimental animals between days 10 and 20.
Analysis of the total weight of the thymus by one-way ANOVA revealed a significant effect of the treatment (F=17.488, df=3, p˂0.05). After post hoc comparisons, a significant reduction was established in animals exposed to repeated tube-restraint stress for 10 and 20 consecutive days as compared to matching controls (Fig. 1B) . On the other hand, the thymus weight of control mice as well as stress-exposed animals did not differ between days 10 and 20 after onset of the experiment.
Impact of tube-restraint stress on gross anatomy and histological features of the thymus
Morphological differences in gross anatomy between control ( Figs. 2A and B ) and treated animals (Figs. 2C and D) were observed. In control mice, the thymus was composed of two lobes that covered the front 2/3 of the side of the heart, while in the stressed animals the atrophied lobes were situated only in the coronae cordis area. Using H&E staining, a decrease in the cortical part of the thymus was evident in comparison with the control group (Fig. 3) .
Impact of tube-restraint stress on thymic medulla and cortex volume densities
A significant difference in the volume density of the cortex (Z=2.140, p<0.05) and medulla (Z=-2.140, p<0.05) in mice exposed to repeated tube-restraint stress for 20 consecutive days was observed by stereological analysis of histological sections (Fig. 4 ). No differences between control and experimental animals after 10 and 20 days of repeated exposure to tube-restraint stress were observed in the medullary part of the thymus. This indicated that the noted difference between the animals was the consequence of decreased cortical volume density in the stressexposed animals.
Impact of tube-restraint stress on distribution of PCNA-labelled cells in the thymus
The use of an immunohistochemical marker for cell proliferation revealed certain differences between control and treated mice. In control animals, PCNA nuclear positivity was observed predominantly in subcortical thymocytes and to a smaller extent in medulla cells ( Fig. 5A and  B ). In the animals exposed to repeated tube-restraint stress there was a gradual loss of positivity in subcortical thymocytes, as well as a slight increase in the number of PCNA positive cells in the medulla (Fig. 5C and D) .
Impact of tube-restraint stress on the number of cortical thymocytes
The cortical region of the thymus was also characterized by a reduced number of thymocytes per area after repeated tube-restraint stress (Fig. 6A ). Considering the results of morphometric analysis, a significant effect of treatment was revealed by one-way ANOVA (F=3233.697, df=3, p˂0.05). Post hoc comparisons indicated a significant difference regarding the number of nuclear profiles of cortical thymocytes in experimental animals compared with matching control animals (Fig. 6B) .
DISCUSSION
In the present study, repeated tube-restraint stress (2 h daily for 10 or 20 consecutive days) caused significant weight loss in animals, while non-stressed animals exhibited an increase in body weight gain. This result was not related to food deprivation during restraint since the control group was also deprived of food. Weight gain in the control group was probably the result of a normal growth pattern in 8-week-old mice that have not yet reached their final weight. During stress activation, the parvocellular part of the paraventricular nucleus delivers corticotropin-releasing hormone (CRH). CRH and its analogs urocortins 1-3 activate CRHR1 and CRHR2 receptors in the sympathetic nervous system that is responsible for release of catecholamines. Epinephrine and norepinephrine induce hypophagia and weight loss through their effect on liver glycogenolysis and gluconeogenesis, as well as lipolysis of the white adipose tissue [11] . Mice in our study exhibited an increase in weight of about 1/7 from the control group, while in another study, weight gain was approximately 1/4 of the control group [12] . Considering the same age of mice at the beginning of the experiment, this discrepancy in weight gain could be caused by the duration of immobilization (4 h daily for 15 consecutive days) and the used mouse strain (Swiss ICR mice).
Regardless of whether the experiment lasted 10 or 20 days, the same changes in thymus weight were observed. In both experimental subgroups, the thymuses had approximately one half of the weight compared with matching control subgroups. The effects on thymus weight were similar to those reported in previous research using young specimens. Thymus weights were one third [12] or one half [13] of the control group. However, Hu et al. [14] did not note any changes in thymus weight in adult male Sprague-Dawley rats exposed to repeated immobilization stress (2 h daily for 60 days); the absence of differences is an expected finding because involution of the thymus in adults had already occurred before the experiment.
The morphology of the thymus is also important in evaluating stress-related changes. The volume density of the cortex and medulla of the thymus can be used as another parameter that can help in determining atrophic changes of the thymus [15] . Histological examination revealed that thymus cortical thickness is reduced. These results are consistent with the findings that cortical thymocytes are susceptible to stress when compared to medullary thymocytes, which leads to apoptosis in the thymus cortex [15] [16] [17] . The medulla remained unchanged, which is consistent with a previous finding [16] .
Morphometric analysis of the number of cortical thymocytes per area revealed that a decrease in thymus weight in the stress-exposed group was followed by a decrease in the cellularity of the thymus cortex. However, Živković et al. [17] showed that beside the decrease in the number of cortical thymocytes per area after chronic stress induced by swimming, atrophy of the medulla also occurred [17] . This loss of thymocytes is likely because of the stress-induced, glucocorticoid-mediated increase in apoptosis, or it was due to reduced migration of bone marrow cells to the thymus and a change in the redistribution of the T-cell subpopulation [18] [19] .
In this study, we used the immunohistochemical marker PCNA to determine the effects of repeated stress on the proliferative capacity of thymocytes. PCNA is a nuclear protein associated with the cell cycle [20] . The positive PCNA signals in the thymus, particularly in the cortical part, were significantly lower in stressed animals compared to the controls. Decreased expression of PCNA in experimental animals further revealed the pronounced atrophy of the cortical part of the thymus. The effect of stress on the decrease in proliferative ability of thymocytes is a direct indication of the antiproliferative and proapoptotic effect [21] [22] .
To overcome time-consuming experiments, much effort has been focused on establishing the shortest time of repetitive restraint stress in which the same changes occur when restraint stress lasts longer. Given the slight differences in the morphological and morphometric results between the two experimental subgroups, we propose that repeated tube-restraint stress of 10 days is sufficient to cause intense involution of the thymus. The number of cortical thymocytes per area indicate that a certain degree of adaptive ability of the thymus, possibly its recovery, occurred in the experimental subgroup exposed to tube-restraint stress for 20 consecutive days. Successful adaptation to repeated exposure to the same stimuli is the consequence of a marked reduction in HPA axis activation [23] [24] . Paskitti et al. [25] showed that thymus atrophy in rats reaches a plateau after 7 days of exposure to chronic variable stress.
CONCLUSIONS
Overall, our data provide a more comprehensive view of repeated tube-restraint, with special emphasis on its duration and stress-induced thymus atrophy by immunohistochemical and morphometric methods. These findings could serve as the basis for further studies aimed at identifying the mechanisms responsible for the adaptive response of the thymus after repeated exposure to stress. .. in control and experimental animals on the 10 th day (C10 and E10, respectively) and 20 th day (C20 and E20, respectively) after onset of the experiment. Scale bar represents 25 µm *p<0.05 indicates significant difference compared to control animals. Fig. 1.  Fig. 2.  Fig. 3.  Fig. 4.  Fig. 6 .
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